Molecular simulations are used to provide insight into published catalytic reactivity data for zeolites that exhibit a cage effect, the selective and preferential conversion of short-chain rather than long-chain n-alkanes. This paper demonstrates that understanding cage effects for ERI-, AFX-, and FER-type zeolites requires consideration of four components: (1) adsorption thermodynamics, (2) adsorption kinetics, (3) conversion at the exterior surface of the catalysts, and (4) coke-induced modifications to the pore texture. By breaking down the Gibbs free energy of adsorption into its enthalpic and entropic contributions, we can further elucidate the influence of the zeolite topology on the adsorption of n-alkanes with different hydrocarbon chain lengths. This analysis indicates that zeolite topologies with cages accessible through windows <0.47 nm wide are particularly prone to exhibiting a cage effect, because they impose a high thermodynamic penalty on the adsorption of molecules that are too long to fit comfortably in a single cage. This improved understanding of the cage effect could facilitate its renewed use in commercial practice.  2005 Elsevier Inc. All rights reserved.
Introduction
For the fourth time in a century [1] , ethanol has become a gasoline additive in the United States. The addition of ethanol displaces the most volatile compounds in the gasoline pool to meet front-end volatility specifications. Previous attempts at compensating for a similar shift in composition [1] coincided with the commercialization of the Selectoforming process [2] . This light-naphtha reforming process selectively hydrocracks short-chain n-pentane and n-hexane, removing them from the gasoline pool to yield liquid petroleum gas (LPG). The overall effect on the gasoline pool is one of reduced volatility and increased octane number [3] [4] [5] . The resulting high-octane gasoline is compatible with high-compression engines and their concomitant advantage of increased mileage. In principle, these improved-mileage automobiles afforded an adequate response to the high gasoline prices of the 1970s [2] . At the time of for the cage effect have focused exclusively on the effect of zeolite topology on the barrier to adsorption [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . In this paper we show that the difference in Gibbs free energy level between gas and adsorbed phase (viz. the Gibbs free energy of adsorption) is at least as important as the ease of transition from gas phase to adsorbed phase. Note that when we discuss Gibbs free energy of adsorption, "lower" is synonymous with "more negative," and a lower Gibbs free energy of adsorption translates into a higher reactivity.
Most studies on the effect of the Gibbs free energy of adsorption on zeolite catalysis discuss its effect on activity [6-19, 21,36] , not on selectivity. These studies have clearly established that reactivity increases with increasing n-alkane chain length, mainly because the Gibbs free energy of adsorption decreases linearly with n-alkane chain length, and-by the same token-the adsorption constant increases exponentially [6-19, 21,37-40] . At pressures above the n-alkane saturation pressure, this steady decrease in Gibbs free energy of adsorption with increasing n-alkane chain length can inverse, resulting in the preferential adsorption and conversion of the shorter-chain instead of the longer-chain n-alkane [41] [42] [43] [44] [45] [46] [47] [48] . High pressure can induce this selectivity inversion because it enhances the importance of intermolecular interactions at the expense of molecule-wall interactions. When the intermolecular interactions dominate the Gibbs free energy of adsorption, short-chain n-alkanes can exhibit a lower Gibbs free energy of adsorption than long-chain n-alkanes, because the former can pack more efficiently (in more conformations, with more mobility) and therefore lose less entropy on adsorption [42] [43] [44] [45] [46] [47] [48] . This pressure-induced selectivity inversion is beyond the scope of this paper. For the purposes of this paper, we define a cage effect as the preference for converting the short-chain instead of long-chain n-alkanes as a result of molecule-wall interactions, that is, as a form of reactant shape selectivity that occurs irrespective of pressure and loading.
Since its inception, a cage effect has been intimately linked to a window effect [49] . A window effect refers to the proportionality between the diffusion rate and the commensurateness of the shape of the adsorbent and the shape of the adsorbate [13, [49] [50] [51] [52] [53] [54] [55] . Such a phenomenon was already known as "incommensurate diffusion" in physics [56] , but was renamed "resonance diffusion" in catalysis [51] . In catalysis the existence of incommensurate diffusion remains controversial, highlighting the experimental difficulties in obtaining consistent diffusion rates [54, [57] [58] [59] [60] [61] [62] . In this paper we show that incommensurate diffusion in ERI-type zeolites is a prerequisite to understanding these zeolites' remarkable reactant shape selectivity in n-alkane hydroconversion.
As part of a systematic study of shape selectivity, we build on earlier work [15] in attempting to combine the impact of a topology on the adsorption kinetics with that on adsorption thermodynamics to obtain a more complete understanding of shape selectivity [63, 64] . This leads to a definition for reactant shape selectivity as the preferential conversion of (i) the reactant that combines the highest diffusion rate with the lowest (i.e., most negative) Gibbs free energy of adsorption when the reaction is diffusion-limited and (ii) the reactant with the lowest Gibbs free energy of adsorption when a reaction is not diffusion-limited. Analyses of cage effects in ERI-, AFX-, and FER-type zeolite provide illustrative examples of the application of this novel concept. Because the Gibbs free energy of adsorption plays a major role in inducing a cage effect, an analysis of the adsorption properties of many topologies affords categorization according to the propensity of these topologies to induce a cage effect.
Molecular simulation methods
Because natural ERI-type zeolites are strong human carcinogens [65] , we emphasize that all simulations were done in silico, so that all zeolites were safely contained in virtual reality. It is possible that synthetic ERI-type zeolites (made as described previously [66] ) are less fibrous and thus safer than their natural counterparts [65] . However, it seems a safer choice to replace the ERI-type zeolites with synthetic CHA-type zeolites in experimental studies. CHA-type zeolites do not come as asbestos-like fibrous crystals, are available in a wider range of chemical compositions [67] [68] [69] [70] than ERI-type zeolites, and yet exhibit catalytic and adsorption properties that closely parallel those of ERI-type zeolites [59, [71] [72] [73] .
At the molecular level, detailed information about the adsorbed hydrocarbons is needed to study the driving forces behind shape selectivity. We obtain this information using computer simulations based on the configurational-bias Monte Carlo (CBMC) technique. The CBMC technique enables efficient calculation of the thermodynamic properties and adsorption isotherms of hydrocarbons in nanoporous silica structures [47, 74, 75] . In the CBMC scheme, the molecules are grown bead-by-bead, biasing the growth toward energetically more favorable conformations and thus avoiding overlaps with the zeolite. This results in a sampling scheme that is orders of magnitude more efficient than traditional Monte Carlo schemes, in which entire molecules are inserted at once, generating a high percentage of unlikely or impossible configurations in the process. Because of its efficiency, the CBMC scheme allows us to obtain information about hydrocarbons as large as pentaeicosane (C 25 ).
Our CBMC simulations model uses single interaction centers (united atoms) to represent the CH 3 , CH 2 , CH, and C groups in the linear and branched alkanes. The bonded interactions include bond-bending and torsion potentials. Dispersive interactions with the oxygen atoms of the silica structure are assumed to dominate the silica-alkane interactions. The zeolite is modeled as a rigid crystal [76] consisting exclusively of SiO 2 , so as to make the calculation of alkane-zeolite interactions efficient using special interpolation techniques [77, 78] . The sizes of the molecules and the energy parameters have been chosen to faithfully reproduce the experimentally determined isotherms (particularly the inflection points) on MFI-type zeolites over a wide range of pressures and temperatures [74, 75] . The resultant force field reproduces the Henry coefficients, enthalpies and entropies of adsorption, and maximum loading extremely well [74, 75] . The same force field also reproduces these parameters remarkably well for nanoporous silica topologies other than the MFI type [74, 75] . More details about the simulation method and the force fields have been provided elsewhere [74, 75] .
Gibbs free energies and enthalpies of condensation at 605 K were extrapolated from n-alkane vapor pressures (assuming that the pressure equals the fugacity), and enthalpies of vaporization that were determined experimentally in the temperature range 509-559 K [79] . Gibbs free energy and enthalpy enable calculation of the entropy of condensation.
Acid site densities of the AFX-, FER-, and MFI-type zeolites discussed were calculated from previously reported bulk silicon-to-aluminium ratios [16, 30, 31] , assuming that each aluminium is part of the zeolite framework and generates an acid site. Apparent (or observed) reaction rate constants k (m 3 gas /(m 3 ads s)) were calculated from the conversion X (1) using
In this equation, 3.6 (s kg/(h g)) is a factor that puts the units on a consistent basis, c A0 (mol/m 3 gas ) is the initial n-alkane concentration in the gas phase, M (g/mol) is the n-alkane molecular weight, ρ (kg ads /m 3 ads ) is the zeolite framework density, and WHSV (kg gas /(kg ads h)) is the weight hourly space velocity of the n-alkane feed. It is convenient to define an apparent contact time τ (s m 3 ads /m 3 gas ) as τ ≡ 3.6c A0 M/(ρ WHSV). In the Henry regime and in the absence of diffusion limitations, the relationship between observed reaction rate constant k and the intrinsic reaction rate constant k (1/s) is [16, 17] (see Appendix A),
In this equation, K H (mol/(kg ads Pa)) is the Henry coefficient, R (= 8.3144 Pa m 3 gas /(mol K)) is the gas constant, and T (K) is the temperature.
When the reaction is severely diffusion-limited, the relationship between observed reaction rate constant k and the intrinsic reaction rate constant k is (see Appendix B)
In this equation, δ (m) is the crystal radius of an ERI-or AFXtype crystal or half the length of a FER-type channel, and D (m 2 /s) is the Fick diffusion coefficient. Henry coefficient and Gibbs free energy of adsorption, G ads (J/mol), are related as [75] (4)
Previously [64, 80] we approximated the Gibbs free energy with the Helmholtz free energy. Equation (4) is exact.
Results and discussion

Diffusion and adsorption combine to yield a cage effect for ERI-type zeolites
For most zeolites and amorphous catalysts studied, the reactivity of n-alkanes increases with increasing n-alkane length, Fig. 1 . The change in n-alkane hydroconversion activity with n-alkane chain length on Pt-loaded ERI-type zeolites at 670-700 K (F, 1) (data adapted from Chen and Garwood [23, 25] , experimental conditions described in Table 1) is the inverse of that observed on Pt-loaded FAU-type zeolites at 513 K (!) (data obtained by Debrabandere and Froment at conditions in the range of 500 kPa total pressure 7000 kPa; 20 g cat h/mol space time 200 g cat h/mol; 30 mol/mol H 2 /n-alkane 400 mol/mol [18] ). To guide the eye, least squares regression lines were added for ERI-and FAU-type zeolites: 100 ×k /k n-C 11 = 1203e −0.23CN and = 0.42e +0.51CN (CN (1), n-alkane carbon number), respectively. because their Gibbs free energy of adsorption decreases linearly with their chain length and, by the same token, their adsorption constant increases exponentially with increasing chain length ( Fig. 1) [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [37] [38] [39] . ERI-type zeolites afforded the first example of the inverse order in reactivity, because in ERI-type zeolites the n-alkane reactivity decreases monotonically with increasing n-alkane length from n-decane (n-C 10 ) to n-hexadecane (n-C 16 ) (Fig. 1) [23] [24] [25] 28] . The historic explanation for this phenomenon is that the reactivity decreases due to a strong decrease of the diffusion rate with n-alkane length [23] [24] [25] [26] [27] [28] . However, this explanation is at variance with the simultaneously reported marked increase in diffusion rate with increasing n-alkane length from n-C 10 to n-C 12 [23] [24] [25] 28, 50] . Recent molecular simulations corroborate this increase in diffusion rate and highlight the need to consider the effect of both diffusion and adsorption constants on reactant shape selectivity [59, 72, 73] . Determining how to combine diffusion and adsorption constants requires a closer look at the n-alkane hydroconversion kinetics.
It has been suggested that the n-alkane hydroconversion on ERI-type zeolites is first-order in n-alkane and diffusion-limited at the conditions under discussion [23] . Consistent with firstorder kinetics, the conversion is independent of the partial pressure of the individual n-alkanes (Table 4) [23] [24] [25] . First-order kinetics implies that the reaction rate is directly proportional to the n-alkane partial pressure, because the n-alkane loading of the zeolite pores is extremely low [7, 13, 15] . Molecular simulations on the adsorption of n-tridecane (n-C 13 , taken as representative for the n-C 10 -n-C 16 reactant slate) corroborate that ERI-type zeolites indeed require a significantly higher n-alkane pressure than, say, FER-type zeolites before they fill up with these relatively long n-alkanes (Fig. 2) . The reason for this high Table 1 Published apparent n-alkane hydroconversion rate constant k (m 3 gas /(m 3 ads s)) obtained by processing various mixed feeds on ERI-type zeolites at two temperatures T (K), hydrogen pressures p H 2 (kPa), hydrocarbon pressures p HC (kPa), and hydrogen-to-hydrocarbon ratios, H 2 /HC (mol/mol) (data adapted from Chen and Garwood [23, 25] ). The feed composition is described by mol% n-alkane of the total n-alkane fraction. Apparent rate constants were normalized relative to that of n-C 11 Data source [25] [ Fig . 2 . n-C 13 adsorption isotherms at 670 K on ERI-(Q), AFX-(") and FERtype (2) illustrate how a lower Gibbs free energy of adsorption (decreases in the order of ERI > AFX > FER) in the Henry regime corresponds to a higher required filling pressure.
resistance to absorbing these relatively long n-alkanes is that they do not fit inside a single ERI-type cage, so that they always have to squeeze through an ERI-type window [59, 72, 73] ( Fig. 3 ). ERI-type windows are so narrow that they exert repulsive van der Waals interactions that increase the Gibbs free energy of adsorption [59, 72, 73] . The pores of the FER-type zeolites are wide enough not to exert these repulsive van der Waals interactions, and they fill up at significantly lower pressures ( Fig. 2) . At sufficiently low loading, the diffusion rate through the ERI-type pores is not a function of loading [62, 81] . Furthermore, the intrinsic rate constant, k (1/s), is not a strong function of n-alkane length [19, 20] . In this case the first-order diffusion-limited disappearance of n-alkane will be proportional to the product of the Henry constant, K H (mol/(kg Pa)), and the square root of the diffusion constant,
(see Eq. (3) and Appendix B). Fig. 4 illustrates that the decrease in K H √ D with n-alkane length reproduces the monotonic decrease in reactivity with n-alkane length significantly better than either K H or D in isolation. It has been argued that the diffusion constant decreases monotonically with n-alkane length [57, 58] . Combined with the simulated K H , this would result in a decidedly nonmonotonic variation in K H √ D with n-alkane length, which would be at variance with the monotonic decrease in activity with n-alkane length reported in catalytic experiments (Fig. 4) . Although combination of simulated K H and simulated D into K H √ D reproduces the monotonic decrease in activity with n-alkane length, the fit is not perfect; the decrease in K H √ D with n-alkane length is faster than that of the published reaction rate-constant k . A likely reason for this discrepancy is that the monotonic decrease in K H √ D with chain length at the interior surface is partially offset by a monotonic increase in K H with chain length at the exterior crystal surface. Both K H and D at the interior surface are extremely low [58, 59] , so that adsorption and reaction at the exterior surface of the ERI-type zeolites are likely to make a significant contribution to overall hydroconversion activity.
Adsorption yields a cage effect for AFX-type zeolites
Similar to ERI-type zeolites, AFX-type zeolites preferentially convert the shorter-chain n-alkane instead of the longerchain n-alkane when converting a mixture of short-chain and long-chain n-alkanes [30] . The preference of both of these zeolites for converting short-chain instead of long-chain n-alkanes is no surprise, because both topologies consist of narrow windows providing access to large cages (Fig. 3) [70] . Molecular simulations show that n-C 6 fits comfortably in an AFX-type cage and is adsorbed to an appreciable extent under reaction Table 2 Conversion of n-hexane (n-C 6 ) and n-hexadecane (n-C 16 ) obtained by processing either a pure or a mixed feed on AFX-type zeolites at T = 605 K, hydrogen pressure p H 2 (kPa), hydrocarbon pressure p HC (kPa), and hydrogen-tohydrocarbon ratios, H 2 /HC (mol/mol) (data adapted from Santilli and Zones [30] ). The loading, L (mmol/g) was obtained from molecular simulations on AFX-type silica, at reaction temperature and pressure, the acid site density, [H + ] (mmol/g), was calculated from the bulk aluminium-to-silicon ratio of the catalyst assuming that all aluminium is associated with an acid site. The apparent residence time, τ (s m 3 ads /m 3 gas ), was calculated using formula Eq. (1), with framework density ρ = 1463.7 kg ads /m 3 ads Pure n-C 6 Pure n-C 16 n-C 6 and n-C 16 n-C 6 part n-C 16 
, with CN (1) the n-alkane carbon number.
conditions (Table 2) . In marked contrast, n-C 16 does not fit inside a single cage, so that part of its hydrocarbon chain has to protrude through an AFX-type window. As a result of the difference in fit, the adsorbed-phase n-C 6 concentration approaches the saturation loading, whereas the n-C 16 loading is in the Henry regime at reaction conditions (Table 2 ). When n-C 6 and n-C 16 are fed as a mixture, the huge excess of n-C 6 in the adsorbed phase will simply block the access of n-C 16 to any acid site at the interior crystal surface. Judging by the barrier to diffusion, n-C 6 diffuses more rapidly than n-C 16 , further favoring the conversion of n-C 6 instead of n-C 16 if the n-C 16 conversion is diffusion-limited. As with ERI-type zeolites, n-C 16 conversion at exterior zeolite surfaces probably supplements n-C 16 conversion at the interior AFX-type zeolite surface. But n-C 16 adsorbing at the exterior surface is unlikely to compete with fully adsorbing n-C 6 [82] , and so the presence of n-C 6 effectively impedes n-C 16 adsorption and hydroconversion at both interior and exterior surfaces.
In contrast to the n-alkane conversion experiments on ERItype zeolites [23] , the n-alkane conversion experiments with the AFX-type zeolites do not clearly show whether or not these latter zeolites are diffusion-limited. Our analysis predicts that AFX-type zeolites will exhibit a cage effect even in the absence of diffusion limitations.
What singles out topologies likely to exhibit a cage effect?
So far we have shown that a cage effect occurs when nalkanes too long to fit inside a single cage experience repulsive van der Waals interactions at the windows connecting the cages. These repulsive van der Waals interactions increase the Gibbs free energy of adsorption of such a long molecule relative to that of a short molecule and thereby stymie its adsorption and conversion. One way to assess whether the windows of a particular topology exert repulsive van der Waals interactions is to evaluate the Gibbs free energy of adsorption of a long molecule like n-pentacosane (n-C 25 ) as a function of window size. The Gibbs free energy consists of an enthalpy component and an entropy component. The enthalpy indicates whether the forces between adsorbent and adsorbate are attractive or repulsive; the entropy reflects the loss in mobility on adsorption. A closer look at the changes of both enthalpy and entropy with window size provides some insight. The change in enthalpy with window size approaches a Lennard-Jones potential. The FER-and TON-type windows are at the bottom of the potential well, that is, where increasingly more repulsive van der Waals interactions start to outweigh the attractive van der Waals interactions (Fig. 5a) . The slightly smaller EUO-and MTT-type windows are the first topologies on the upward branch of the LennardJones potential that is dominated by repulsive interactions. The change in adsorption entropy with window size approaches an exponential decay, but becomes erratic when the window size becomes so small that repulsive interactions dominate (Fig. 5b) . The resultant change in Gibbs free energy of adsorption with decreasing window size resembles another Lennard-Jones potential (Fig. 5c) . Initially, the Gibbs free energy decreases with decreasing window size, because the decrease in adsorption enthalpy outweighs the decrease in adsorption entropy. The MTW-and GON-type windows are at the bottom of the curve, representing the point where the increasingly lower mobility (decreasing entropy) starts to outweigh the increasingly more attractive van der Waals interactions (decreasing enthalpy). At the EUO-and MTT-type windows, the Gibbs free energy increases dramatically, because the van der Waals interactions have switched from attractive to repulsive, so that now increasing enthalpy and decreasing entropy cooperatively increase the Gibbs free energy with decreasing pore size.
Although an analysis of the effect of window size on adsorption thermodynamics is insightful, clearly cage size also needs to be taken into consideration. The cage size determines the number of windows through which the adsorbed n-C 25 has to squeeze. One can evaluate the combined effect of the window and cage size on the adsorption properties by studying adsorption enthalpy as a function of adsorption entropy. Naturally, 6 . Evaluation of the simulated adsorption enthalpy, H ads n-C 25 (kJ/mol), as a function of the product of the temperature (T = 605 K) and the simulated adsorption entropy, T S ads n-C 25 (kJ/mol) of n-pentacosane affords discrimination between topologies with attractive (2), slightly repulsive (Q), and strongly repulsive (") van der Waals interactions. The enthalpy and entropy for n-pentacosane condensation were extrapolated from experimental data reported by Chickos [79] . For 97%, the enthalpy (kJ/mol) and temperature × entropy (kJ/mol) of topologies with attractive van der Waals interactions obey the relationship T S ads n-C 25 = −3.6 × 10 −3 ( H ads n-C 25 ) 2 − 0.62 H ads n-C 25 − 89.6 (curved line in figure) . Interestingly, this second-order relationship is in stark contrast with the usually reported linear (compensation) relation between H ads and T S ads [21, 40] . a consideration of the complete pore topology yields more robust correlations than one limited only to window size.
With decreasing pore size (from "condensation" to FER), attractive van der Waals interactions simultaneously constrain and stabilize adsorbed n-C 25 ( Fig. 6; Table 3) ; that is, they decrease the adsorption entropy and enthalpy, respectively. Clearly, the pores have a greater impact on the adsorption entropy than on the adsorption enthalpy, because the adsorption entropy is proportional to the square of the adsorption enthalpy and so decreases more rapidly (as represented by the curve in Fig. 6 ).
When the pores contain windows narrow enough to exert repulsive van der Waals interactions on n-C 25 , the quadratic relationship between adsorption entropy and enthalpy breaks down and the Gibbs free energy of adsorption increases ( Fig. 6 ; Table 3 ). Repulsive van der Waals interactions at narrow windows destabilize adsorbed n-C 25 but constrain n-C 25 just as effectively as attractive van der Waals interactions; that is, they raise the adsorption enthalpy without affecting the adsorption entropy. Thus, one could distinguish between (i) attractive, (ii) weakly repulsive, and (iii) strongly repulsive van der Waals interactions. The distinction between weakly repulsive and strongly repulsive van der Waals interactions is that only the latter raise the enthalpy sufficiently to result in a positive Gibbs free energy of adsorption (Table 3) . Each of these three types of van der Waals interactions has a different propensity to induce a cage effect.
Topologies with attractive van der Waals interactions should not exhibit a cage effect, because the adsorption constant increases exponentially with n-alkane length (Fig. 7a) , whereas the diffusion constant tends to decrease only quadratically with Table 3 Crystallographic window diameters, min d and max d (nm), as listed in [70] , equivalent circular diameter, d circle (nm), and simulated Gibbs free energy of adsorption of n-pentacosane, G ads n-C 25 , simulated adsorption enthalpy, H ads n-C 25 , and simulated entropy, S ads n-C 25 n-alkane length [6, 83, 84] . Accordingly, the variation in adsorption constant is likely to dominate the conversion rate (both K H and K H √ D), which favors conversion of the longer n-alkanes. Topologies with weakly repulsive van der Waals interactions can exhibit a cage effect, because the adsorption constant does not vary as strongly with n-alkane length as with either attractive or strongly repulsive van der Waals interactions (Fig. 7b) . Accordingly, the variation in diffusion constant with n-alkane length is likely to contribute significantly to the absence or presence of a cage effect.
Topologies with strongly repulsive van der Waals interactions should exhibit a cage effect, because their adsorption constant decreases (in a nonmonotonic fashion) significantly with n-alkane length (Fig. 7c) . Even though strongly repulsive van der Waals interactions appear to induce relatively large variations in diffusion constants [50, 59, [71] [72] [73] , the likely net result (K H √ D) is that these topologies will tend to favor conversion of the shorter n-alkanes.
Surprisingly, it has repeatedly been reported that a FER-type zeolite [29, 31] (which, according to our analysis, should exert attractive van der Waals interactions) exhibits a cage effect. This is in direct contradiction to our analysis and merits closer scrutiny to evaluate if and how the above analysis needs to be refined.
Adsorption, diffusion, and coke can combine to yield a cage effect for a FER-type zeolite
Our analysis of zeolite topologies indicates that FER-type zeolites exhibit attractive van der Waals interactions and thus should not exhibit a cage effect. In agreement with our assessment, FER-type zeolites selectively remove long-chain rather than short-chain n-alkanes from complex industrial feeds at hydroprocessing conditions [85, 86] .
Inconsistent with our assessment, FER-type zeolites can reportedly exhibit a cage effect at the very conditions used for the selective hydroconversion of long-chain n-alkanes [29, 85] . A possible cause of this surprising selectivity inversion could be contamination with MOR-type zeolite [29] . Intergrowths between FER-type and MOR-type zeolites drastically reduce the pore size and diffusion rates in these FER-type zeolites [87] [88] [89] . Such a pore size reduction could very well cause the anomalous cage effect that these peculiar FER-type zeolite samples exhibit at conditions under which other FER-type zeolites remove long-chain instead of short-chain n-alkanes.
A second report on a cage effect with FER-type zeolites uses conditions very different from those used in hydroprocessing [31] : Instead of using steady-state conditions (many hours on stream) in the presence of hydrogen at ∼605 K [85] , it uses transient conditions in the absence of hydrogen at 773 K. At these conditions, the activity of FER-type zeolites declines significantly due to pore blockage by consecutive reaction products [90] . Because the cage effect study does not include any information on the activity decline [31] , we use comparative data from an extensive kinetic study on MFI-type zeolites [16, 17] to gain a better perspective of the catalytic cracking conditions (Table 4) .
The cage effect study (on FER) [31] and the kinetic study (on MFI) [16, 17] agree on the intrinsic cracking rate constant for n-C 8 , but not on that for n-C 16 (Table 4) . According to the kinetic study [16, 17] , the intrinsic cracking rate of n-C 16 on MFI-type zeolites is nearly twice that of n-C 8 ( Fig. 8; Table 5 ). At the conditions used by the cage effect study, such a cracking rate constant would correspond to 99.97% n-C 16 conversion, not to the reported 79% conversion (Table 4 ). This suggests that the cracking conditions for n-C 16 used in the cage effect study are too severe (i.e., too long a contact time for the high acid site density of the FER-type zeolite) to measure true kinetics, and that the observed n-C 16 conversion is seriously restricted through pore blockage by consecutive reaction products. Usually pore blockage favors conversion of the fastest-diffusing species.
Molecular simulations indicate that n-C 8 diffuses faster than n-C 16 ( Table 4 ), so that n-C 8 will beat the trailing n-C 16 to adsorption at the acid sites. The decrease of the effective pore diameter through coke make [91] is likely to enhance the competitive advantage of the more agile n-C 8 over the more sluggish n-C 16 . The net result is that more n-C 8 than n-C 16 is converted by the time the feed has left a deactivated, clogged FER-type zeolite behind inside the reactor.
The coke-enhanced preference for converting the fastest diffusing n-alkane is probably only part of the reason for the deleterious effect of n-C 8 on n-C 16 conversion on this FER-type zeolite. As with the cage effect reported for ERI-and AFXtype zeolites, there is an adsorption aspect in addition to this diffusion aspect.
At low (hydroprocessing) temperatures, FER-type zeolites should not exhibit a cage effect, because the enthalpy term dominates the Gibbs free energy of adsorption, favoring adsorption of the longer n-alkanes. At extremely high temperatures, FER-type zeolites will exhibit a cage effect, because the entropy term dominates the Gibbs free energy of adsorption, favoring the adsorption of the smaller n-alkanes (Fig. 9) . At intermediate temperatures, the enthalpy and entropy terms are of similar magnitude, rendering the Gibbs free energy invariant to the n-alkane chain length (Fig. 9) . The catalytic cracking experiments on the FER-type zeolite were performed in this intermediate temperature range, in which the Gibbs free energy of adsorption for MFI-type zeolites still decreases with n-alkane chain length (Fig. 9 ) due to the higher (less negative) adsorption entropy exhibited by MFI-type zeolites ( Fig. 6 ; Table 3 ). Accordingly, FER-type zeolites are indifferent to the adsorption of either n-C 8 or n-C 16 , whereas MFI-type zeolites maintain their strong preference for n-C 16 at the catalytic cracking temperature (Figs. 8 and 9 ). When the impact of adsorption thermodynamics on the preferential adsorption of short-chain or long-chain n-alkanes is diminished, the impact of adsorption kinetics increases proportionally.
Clearly, molecular simulations can elucidate aspects of the cage effect reportedly exhibited by FER-type zeolites in cat- Table 4 Conversion of n-octane (n-C 8 ) and n-hexadecane (n-C 16 ) in the absence of added hydrogen, obtained by processing either a pure or a mixed feed at T = 773 K, hydrocarbon pressure p HC (kPa), weight hourly space velocity, WHSV (kg gas /(kg ads h)), apparent residence time τ (s m 3 ads /m 3 gas ). From the experimental data reported by Lu et al. [31] apparent first-order rate constants k (m 3 gas /(m 3 ads s)) were calculated. Comparison of MFI data reported by Lu et al. [31] and MFI data extrapolated from Wei et al. [6, 16, 17] suggests that the Lu conditions result in a significant coke make. For FER-type zeolites, the reactions at the Lu conditions occur in the Henry domain, for the simulated n-alkane loading, L (mmol/g) is much lower than the acid site densities, [H + ] (mmol/g). Accordingly, intrinsic rate constants, k (1/s), were calculated from k , the simulated Henry coefficients K H (mol/(kg ads Pa)) and framework density ρ (kg ads /m 3 ads ). The simulated Fick diffusion coefficients, D (m 2 /s), suggest that the reactions are not diffusion limited (Thiele modulus Φ < 2) at reasonable crystal sizes (δ < 5 µm) Data source [31] [ 
a Calculated from the intrinsic reaction rate constants of [16, 17] with the experimental conditions of [31] . b Obtained through extrapolation to slightly higher temperatures than employed experimentally. Table 5 The apparent preexponential factor, k 0 K H0 (mol/(kg Pa s)), and apparent activation energy E act app (kJ/mol) for the cracking of n-alkanes with various carbon numbers, CN (1), on MFI-type zeolites in the absence of added hydrogen as reported by Wei et al. [6, 16, 17] as described by kK H = k 0 K H0 e (−E act app /RT ) and depicted in Fig. 8a ; the corresponding preexponential Henry coefficient, K H0 (mol/(kg Pa)) and adsorption enthalpy, H (kJ/mol), in K H = K H0 e (− H /RT ) as obtained through molecular simulations (Fig. 8b) ; and the resultant intrinsic preexponential factor k 0 (1/s) and intrinsic activation energy E act (kJ/mol) in k = k 0 e (−E act /RT ) (Fig. 8c) . In these correlations R is the gas constant (8.3144 J/(mol K)) and T (K) is the absolute temperature alytic cracking. However, the intrusion of coke formation and its effect on the adsorption and diffusion properties of the resultant catalyst limits its utility. A more extensive kinetic study would be of benefit.
Conclusions
A cage effect can be defined as a form of reactant shape selectivity observed when a zeolite preferentially converts a short-chain instead of a long-chain n-alkane at a low pressure and loading. An analysis of the cage effects exhibited by ERItype and AFX-type zeolites [22] [23] [24] [25] [26] [27] [28] 30] shows that the adsorption thermodynamics of the n-alkanes is at least as important a constituent of the cage effect as the n-alkane diffusion rate. This highlights a shortcoming in the traditional view of reactant shape selectivity as the unambiguous effect of a zeolite topology on the preferential conversion of the reactant that adsorbs most rapidly in diffusion-limited reactions. Such a definition needs to be complemented by the unambiguous effect of a zeolite topology on the reactant that adsorbs the most. Similarly, recent papers have reported that the traditional definition of product shape selectivity as the preferential production of the product that desorbs most rapidly needs to be complemented by the unambiguous effect of a zeolite topology on the product that desorbs the most [92, 93] .
An analysis of the effects of zeolite topology on the adsorption properties of n-alkanes affords categorization of the topologies according to their propensity to exhibit a cage effect at typical hydroprocessing conditions. Topologies most prone to exhibiting a cage effect contain a high density of narrow constrictions ("windows") that strongly repel long n-alkanes, resulting in a positive Gibbs free energy of long-chain n-alkane adsorption. Topologies least prone to exhibiting a cage effect contain spacious voids that attract long n-alkanes, resulting in a negative Gibbs free energy of long-chain n-alkane adsorption.
In the absence of contamination [29] , FER-type zeolites should not exhibit a cage effect at typical hydroprocessing conditions, because they exhibit a negative Gibbs free energy of adsorption for long-chain n-alkanes. At temperatures higher than those typically used in hydroprocessing, FER-type zeolites change category from topologies with a negative Gibbs free energy of adsorption for long-chain n-alkanes to those with a positive Gibbs free energy of adsorption for long-chain n-al- [6, 16, 17] ); (b) Henry coefficient, K H , in MFI-type silica simulated for n-alkanes at these reciprocal temperatures, (c) intrinsic reaction rate constants, k, as calculated from measured kK H (a) and simulated K H (b). In all figures the legend is as follows: n-C 8 (1), n-C 10 (Q), n-C 12 ( ), n-C 14 (+), n-C 16 (2) , n-C 18 (F), and n-C 20 ("). The linear regression parameters for the correlations in Fig. 8 are listed in Table 5 . kanes. At severe catalytic cracking conditions, this can result in a cage effect [31] , because it allows faster diffusing shortchain n-alkanes to react, penetrate, and clog FER-type channels before long-chain n-alkanes can do so. This improved understanding of cage effects may contribute to the successful use of this effect in commercial practice, and could be a first step toward length-selective hydrocracking [6] . 
Appendix A. Reaction kinetics in the Henry and Langmuir regimes
Description of adsorption effects in catalysis usually uses the Langmuir-Hinshelwood-Hougen-Watson approach [7, [12] [13] [14] [15] [16] [17] . This approach assumes that catalytic activity is directly proportional to the fractional loading of the acid sites. The fractional loading is then approximated with a Langmuir isotherm. If the rate of disappearance of reactant A with time, t (s), in the adsorbed phase, c A ads (mol/m 3 ads ), follows first-order kinetics, then the following equation describes the reaction rate on a zeolite pore volume basis:
In this equation, k (1/s) is the intrinsic reaction rate constant, k (m 3 gas /(m 3 ads s)) is the observed first-order rate constant, c s (mol/m 3 ads ) is the saturation concentration, K L (m 3 gas /mol) is the Langmuir constant, and c A gas (mol/m 3 gas ) is the reactant gas-phase concentration. Usually the saturation loading of the acid sites is assumed to be directly proportional to that of the zeolite pores. It implies that the reaction rate is zero order in A at extremely high A loading (K L c A gas 1) and that the reaction rate is first order in A at extremely low A loading (K L c A gas 1).
Recent reviews of the n-alkane adsorption isotherms of various zeolites have shown that Langmuir isotherms describe adsorption inadequately in the extremely low loading (Henry) regime [74, 75] . Accordingly, the Henry regime calls for a description of the kinetics of adsorption and reaction that uses Henry constants instead of the traditional Langmuir constants. In the Henry regime, gas-phase and adsorbed-phase concentrations (c A gas and c A ads ) are related through the Henry law and through the ideal gas law. The Henry law states that the adsorbed phase loading of A, q A (mol/kg) is directly proportional to its partial pressure, p A (Pa),
In this equation, K H (mol/(kg Pa)) is the Henry constant. Multiplication with the zeolite framework density, ρ (kg/m 3 ads ), turns the loading, q A , into the adsorbed-phase concentration c A ads . The ideal gas law links pressure, p A , and gas-phase concentration, c A gas . Thus, one can write 
Equation (A.4) is the basis for Eq. (2)
. It implies that the observed variation in k as a result of varying the n-alkane length is directly proportional to the variation in the K H value and the intrinsic reactivity (k value) of the various n-alkanes.
Appendix B. Diffusion-limited reaction kinetics in the Henry regime
When the reaction is diffusion-limited, a mass balance across a film with thickness x (m) in the adsorbed phase describes that the flux of A into the film through diffusion equals the consumption of A inside the film through reaction [7] When Φ > 2, the reaction rate is much faster than the diffusion rate, so that no reactant reaches the catalyst core (at x = δ m).
Assuming that the adsorbed-phase concentration at the interface, c A ads i (mol/m 3 ), is in equilibrium with the gas phase (c A ads = c A ads i = ρK H RT c A gas at x = 0 m) affords integration of differential Eq. (B.1), yielding [7] (B. 
Equation (B.4) is the basis for Eq. (3)
. It implies that the observed rate constant k contains information about both adsorption and diffusion properties. The observed variation in k as a result of varying the n-alkane length is directly proportional to the K H √ D value of the n-alkanes and also to differences in intrinsic reactivity (k value) between the n-alkanes. For longer n-alkanes, differences in intrinsic reactivity (k) are minimal. Fig. 8c illustrates this invariance of intrinsic reactivity k with n-alkane length for the conversion in the absence of added hydrogen. A similar invariance was reported for n-alkane hydroconversion [18] [19] [20] .
